Abstract. the aim of this study was to review the most important results from the last 40 years of intense ornithological research conducted in the Białowieża Forest. Furthermore, we discuss the threats that may destroy the unique ecology and characteristics of this forest.
Introduction
Until recently, majority of research concerning ecology and biology of broods of forest birds was conducted in strongly changed forests of temperate zone (Tomiałojć et al. 1984) . One of the exception is the Białowieża Forest (hereafter BF) where ornithological research has been conducted since 40 years. the BF was preserved as a compact forest complex, despite strong pressure on colonisation and deforestation on the lowlands of europe. Presently, the BF is one of the last remnants of primeval, lowland european forest. exceptional, amongst lowland forests in whole temperate zone of europe and North america, preservation status of the BF results from its history. the BF was protected as hunting area until the beginning of the 20 th century. in the 20 th century, new legal forms of protection of the BF were developed (national park, reserve, Natura 2000, UNeScO, etc.) .
this allowed for preserving very old forest stands, which are unique on a global scale. They were preserved not only in the Białowieża National Park (BNP) and the reserves but also in part of the managed stands of the BF. Some stands of the BF (i.e. oak-hornbeam, ash-alder and alder fen stands) are the most primeval stands in whole temperate lowland zone of europe. it does not mean that they are virgin forests or that they were not subjected to the influence of humans. Such forests no longer exist even in tropical rain forests in asia, africa or South america (willis et al. 2004 ). Owing to those features, the BF exists as a natural laboratory in which we can investigate organisms under the conditions once prevailing in forests before transformation made by humans (Wesołowski 2007b) . That is why the BF is one of few forests in the world where we can study evolutionary adaptations of birds associated with, for example, predation, competition, food resources or breeding sites. Division of the BF to zones of different conservation regime (national park, nature reserves, managed stands) enables to study the direct influence of anthropogenic factors (including forest economy) on avifauna. Diversity and functioning of breeding birds' communities and their primeval behaviour in the BF can be treated as a model in comparison to other european forests of temperate zone. in here, the functioning of primeval birds communities before intensive forest management can be experienced and understood. the aim of this study is a summary of results of more than 40 years of ornithological research conducted in the BF. recent threats to avifauna caused by human activity were also discussed.
The characteristics of breeding avifauna
Forest avifauna of the BF shows many primeval characteristics that are consistent with the features of rain forests. those characteristics distinguish this avifauna from avifauna of forests strongly transformed by human (Tomiałojć, Wesołowski 2004) . It can be assumed that avifauna of the BF is similar to that occurred once in the past in the european forests. the BF is, therefore, a reference point for the study of forest birds' biology (Tomiałojć, Wesołowski 2004; Wesołowski 2007b) . Primeval features of avifauna of the BF are discussed in the following sections.
Species richness
More than 250 species of birds were recorded in the whole BF. Most of them are breeding species (Tomiałojć 1995) and nest in deciduous forests -in ash-alder and oak-hornbeam stands, especially on the edges of the forest (on this variety, the presence of few non-forest species and species breeding outside of the forest influences). In years 2010-2014, on one study plot (33 ha) that is located on the edge of the BNP, 55 species nested jointly, whilst inside of the forest, the number of species was lower . Those differences are related mainly to different habitat structure and also with a degree of forests' naturalness. On plots that are located directly next to open areas, ecotone species are present. Such indirect influence of human activity on nature also causes certain disturbances in birds communities. For instance, common starling (Sturnus vulgaris), which can be rarely seen in the depth of the forest, on the edge of the forest was in some years the most numerous species .
Significant differences were found between abundance, diversity and species richness indices, between the BNP breeding avifauna and managed stands and, between breeding avifauna of reserves and managed stands. there was no such differences between the BNP and reserves, and all those indices on protected areas were higher than those in the managed stands (czeszczewik et al. 2015) .
about 85% of breeding bird species of the BF are native, typically forest species that were present here before human presence. remaining species are birds of the forest edges and also birds inhabiting open areas on former fields and meadows. Second group of birds appeared in the BF after deforestation of river valleys and creation of clearings as a result of the development of agriculture (Tomiałojć 1995 . Lack of species such as tree sparrow (Passer montanus) or european magpie (Pica pica) that nest in fragmented forests in different parts of Poland proves weak synanthropisation (Tomiałojć 1990 ).
Low density of individual species
Low density of majority of species (Tomiałojć et al. 1984; Tomiałojć, Wesołowski 2004) results from large territories and social behaviour of birds (Wesołowski 1981 (Wesołowski , 1983 Wesołowski et al. 1987 ). The habitat is not filled with birds, despite food richness and nest sites, and low productivity could be a result of strong predation pressure . For instance, the density of great tit (Parus major), pied flycatcher (Ficedula hypoleuca), common blackbird Turdus merula) and dunnock (Prunella modularis) in the BF is several times lower than that in the forests of western europe. Some species, however, rare in other places, in the BF in some years may reach very high density. A collared flycatcher (Ficedula albicollis) can be an example of that -it breeds in density up to 22 pairs / 10 ha (walankiewicz 2002b).
Stability of bird communities
Breeding birds were monitored for more than 40 years on permanent study plots in oak-hornbeam forests, ash-alder and spruce-pine forests of the BNP (Tomiałojć et al. 1984; Tomiałojć, Wesołowski 1994 , 1996 Wesołowski et al. 2002 Wesołowski et al. , 2010 Wesołowski et al. , 2015 . the avifauna of the BNP, despite certain changes in bird's density, over the past 40 years was characterised by high stability unlike in other parts of europe that are highly transformed by human. The majority of species regularly nesting in the BNP showed long-term growth trends what was related probably with global factors . Stability of the communities results from long-term stability of forest habitats of the BNP (despite certain changes on the local scale) what creates favourable conditions for reproduction for many years . Owing to the lack of long-term quantitative studies of birds from the outside of the BF, it is hard to conclude about changes to which avifauna was subjected for many years in the managed part of the BF. However, the negative influence of intensive forest management on the density of different bird species was proved more than once (Wesołowski 1995c; Wesołowski et al. 2003 Czeszczewik et al. 2015) .
Unusual nest sites
Birds in the BF often nest in places that are unusual for them in other forests. it is caused by large variety of places suitable for nesting in the BF. Over 80% of wren's (Troglodytes troglodytes) nests in the BF are located in the disks of uprooted trees (Wesołowski 1983) . Beside this species, couple more species (dunnock, blackcap (Sylvia atricapilla), blackbird, robin (Erithacus rubecula), song thrush (Turdus philomelos)) sometimes use this structure as their nesting places. Blackbirds build nests in decaying or foraging black woodpecker cavities of spruce snags (Tomiałojć 1993) . Swifts (Apus apus), known mostly as urban birds and nesting on the buildings, nest in the cavities of old tall trees in the BF. Some species of the so-called open-nesters also nest here in the cavities. this is common habit in the BF in case of, for example, robin (P. Rowiński, oral inf.) and also in case of blackbird in early spring before the development of leaves (Tomiałojć 1993) . Furthermore, in BNP, red-breasted flycatcher (Ficedula parva) nests are regularly found in shallow holes (Mitrus, Soćko 2010) . Other species such as wren, dunnock and song thrush nest in the same manner. Discs of uprooted trees, strongly decayed tree trunks and also various type of cavities are a natural and common element of Biało-wieża's landscape. Those elements are especially common in the BNP and much less likely to occur in managed forests (Tomiałojć et al. 1984) .
Large proportion of cavity-nesters
cavity-nesters are an important group of forest birds. these species nest in tree cavities. they are divided into two groups: primary cavity-nesters (they excavate their own cavities) and secondary cavity-nesters (they breed in already existing cavities). Some secondary cavity-nesters are model species in ecological and behavioural research, for example, pied flycatcher, collared flycatcher, great tit or blue tit (Cyanistes caeruleus). amongst primary cavity-nesters are woodpeckers (exception is wryneck (Jynx torquilla), which does not excavate cavities) and two species of tits (willow tit (Poecile montanus) and crested tit (Lophophanes cristatus)). Marsh tit (Poecile palustris), which in other forests, because of its skill of pecking (or rather scooping) cavities in decaying trees, is assigned to primary cavity-nesters, in the BF is a typical secondary cavity-nester because it nests exclusively in already existing holes (Wesołowski 1999) . This is substantial part of avifauna as a joint number of birds nesting in the cavities in the BF counts around 30 species. in deciduous forests of the BNP, cavity-nesters constitute 40%, and in coniferous forests, over 30% of all nesting birds are cavity-nesters Wesołow-ski et al. 2015) . On the other hand, in the managed part of the BF, the proportion of this group of birds was lower: 30 and 25%, respectively (czeszczewik et al. 2015) .
Large number and diversity of tree cavities
there is a surplus of various cavities in the BNP and their number does not limit the presence of secondary cavity-nesters. Many cavities remain unoccupied every year (walankiewicz 1991; Wesołowski 2011 Wesołowski , 2012 . Density of cavities in coniferous forests of the BNP amounts to at least 12.5/ha (walankiewicz et al. 2014) , and in deciduous forests, it's at least four times higher (unpublished data). Despite the fact that there are several times less cavities in the managed stands, still there are more cavities than the breeding pairs of cavitynesters (Walankiewicz et al. 2014; Czeszczewik et al. 2015) . competition for cavities in the BNP is, therefore, not an important issue for secondary cavity-nesters (Wesołowski 1989 (Wesołowski , 2003 (Wesołowski , 2007a Walankiewicz 1991; Walankiewicz et al. 1997; Czeszczewik et al. 2012) , unlike it was showed in forests transformed by humans (Newton 1998).
Some cavities can exists for many years while others deteriorate fast as a result of fall of trees or, in case of living trees, overgrowing of cavity (Wesołowski 1995b) . Most durable cavities are those in large, living trees and not made by woodpeckers (they are formed in a different way, e.g. as a result of crack or a fracture of a part of a tree). Such cavities may last in good condition for a long time (several years, on an average) and be a nest site or a shelter for secondary cavity-nesters (Wesołowski 2011) . In case of cavities excavated by woodpeckers in dead and/or thin trees, 'vitality' ends usually after a couple of years (Wesołowski 2012) . in other forests, most of the cavities can be found usually in old and dead trees (Wesołowski 2012) . Most of the cavities in deciduous forests of the BF were found in living trees (Wesołowski 1995b; unpublished data) . Also secondary cavity-nesters in majority nest in the cavities of living trees (Wesołowski 1989 (Wesołowski , 1996 (Wesołowski , 2011 Czeszczewik, Walankiewicz 2003; Walankiewicz et al. 2007; Wesołowski, Rowiński 2004 , 2012 , 2014 Maziarz et al. 2015) .
woodpeckers as cavities 'producers' are known as a keystone or engineering species (Paine 1969; Jones et al. 1994 ). However, they do not play that role in the BF, despite their species richness and high density. large number of cavities available in forests of various tree species composition did not come into existence as a result of excavating. these are, for instance, fissures, cracks in trunks or boughs, holes created as a result of a branch or trunk top's fracture and then their decay (Wesołowski 2007a) . Secondary cavity-nesters who very often nest in woodpeckers' cavities, such as eurasian pygmy owl (Glaucidium passerinum) and boreal owl (Aegolius funereus), or starling (60% of hollows). remaining species generally nest in non-excavated cavities and rarely use woodpeckers' hollows as nesting places (Wesołowski 2007a) . Stock dove (Columba oenas) nests in cavities excavated by black woodpeckers. the important role of woodpeckers, that is, regulating the number of insects (e.g. bark beetles) by accelerating the decay of dead wood, is not belittled.
Nest boxes are being mounted in forests strongly transformed by humans where only few cavities exist. those artificial nesting places are often considered to be better than cavities (safe nesting places). However, that is not always the case as the results of the research conducted in the BF has shown. in tree cavities, very few nest parasites can be found, unlike in case of nest boxes (Wesołowski, Stańska 2001; Hebda, Wesołowski 2012) . That results probably from the fact that in nest boxes, an old nest material can be found. in the cavities, on the other hand, this material is very rarely preserved till the next season (Wesołowski 2000; Hebda et al. 2013) . Moreover, in managed forests stands of the BF, the nest boxes turned out to be an ecological trap because they also attracted predators that destroyed large part of birds' broods (czeszczewik et al. 1999) .
Most of the cavities were found on hornbeam (Carpinus betulus), and majority of them were found in the BNP in older, living trees with trunk diameter of 30-60 cm. Most of the cavity-nesters usually choose hornbeam as nesting place (walankiewicz, czeszczewik 2006) , and this tree is the most common species in the BNP. Unfortunately, thicker hornbeams are less often seen in the managed part of the BF because of its cutting for fire wood.
Food is not a limiting factor
Most of the birds nesting in the BF are insectivorous. even those species that feed on seeds also use animal food, for example, whilst feeding the brood. Owing to large diversity and abundance of invertebrates, more than 11, 000 species were recorded in the whole BF (Gutowski, Jaroszewicz 2001) , so there is plenty of food for insectivorous birds. an important food of small passerines are caterpillars that appear after the development of leaves on trees and shrubs. they are a significant part of food for broods of many species. However, even amongst birds in which nestlings hatch after the peak of caterpillars' density (or in years of small number of caterpillars), they do not have any difficulties with feeding the brood Maziarz, Wesołowski 2010; Wesołowski, Rowiński 2014) .
the base of some woodpeckers' diet (white-backed woodpecker (Dendrocopos leucotos), three-toed woodpecker (Picoides tridactylus)) are larvae of beetles living in decaying and dead trees that are very numerous in the BNP. Density of those trees is much lower in the managed part of the BF . Recently, after last outbreak of bark-beetle, the number of dead spruces has increased in the whole area of the BF what is very beneficial for the three-toed woodpecker (this species forages mostly on freshly killed or dying spruces) and, in the future, for white-backed woodpecker that feeds on decomposed trees, quite often on spruces (Czeszczewik 2009a) .
Moreover, experimental research indicates that birds in the BNP rarely use winter supplementing feeding what suggests that food resources are sufficient for many birds to survive the winter (Wesołowski 1995a) . This hypothesis finds confirmation in quantitative research of avifauna wintering in the BNP, which proved that number of wintering birds does not differ from the number of the same birds species during breeding season (unpublished data).
in forests transformed by human where diversity of both invertebrates and plants is much smaller than that in the BF, the food is one of the most important factors limiting the productivity and density of birds (Newton 1998). Different situation was found in case of the BF Wesołowski 2007a ). Smaller density of the whole group of insectivorous birds in the managed part of the BF in comparison with the BNP indicates the difference in food resources for those birds. This was confirmed by Wesołow-ski and Rowiński's (2006) research.
Heavy predation pressure
Predation is the main cause of brood loss in the BF. it was proved to be one of the most important factors limiting the density of the most numerous cavity-nester -collared flycatcher (Walankiewicz 2002b . A list of species robbing broods is long and still open. these animals are mustelids (mainly marten (Martes martes)), rodents (yellow-necked mouse (Apodemus flavicollis), forest dormouse (Dryomys nitedula), squirrel (Sciurus vulgaris)) and great spotted woodpecker (Walankiewicz 1991 (Walankiewicz , 2002a Wesołow-ski 2002; Czeszczewik 2004; Wesołowski, Rowiński 2012; Maziarz et al. 2016) . Open nests, especially those located low, because of easier access are exposed to more predators. loss in their broods is usually very high. For example, even over 80% of wood warbler (Rhadina sibilatrix) is being destroyed .
it is assumed that cavities as nesting places are safer in comparison to open nests, that are, placed on the ground, in low vegetation, shrubs or trees' branches . In some years, however, the loss in cavitynesters' broods is very high and was one of the highest in Europe (Wesołowski, Stawarczyk 1991; Wesołowski 1985 Wesołowski , 2002 Walankiewicz 2002b; Czeszczewik 2004; Wesołow-ski, Maziarz 2009; Maziarz et al. 2016) . It has been shown that the fluctuation in numbers of the collared flycatcher depends on the density of forest rodents (walankiewicz 2002b, 2006) .
Basic strategy allowing for successful rear of the brood is the hiding of the nest from predators as best as possible. Different characteristics of cavities are solid walls of living trees, higher location on a tree, small entrance hole, large bottom, appropriate depth. those features impede the access to the cavity for some bigger predators and make the broods safer. locating the nest in non-excavated cavity reduces the risk of finding it by great spotted woodpecker, which may rob both eggs and nestlings (Walankiewicz 1991 (Walankiewicz , 2002a Wesołowski 1996 Wesołowski , 2002 Wesołowski, Rowiński 2004 , 2012 Mitrus, Soćko 2010; Maziarz et al. 2016) . Chosen cavities are characterised by the combination of characteristics, such as appropriate light, microclimate and protection against flooding, allowing for safety and minimal requirements for the rear of the broods (Maziarz et al. 2016) .
additional behaviour of birds (e.g. mixture of saliva and rotten-wood that reduces the size of entrance of a nuthatch's cavity, locating the nest far from the entrance, covering of eggs by parids and nuthatch) and behaviour such as avoiding inessential activity near the nest or tit's hissing in the nest at the sight of an intruder increase the safety of the nest (Wesołowski 1998; Wesołowski, Rowiński 2004 , 2012 . Active deterrence of an intruder may be a line of defence in case of an attack. a contact with a predator is always a risk what is confirmed in dead adult that can be found in cavities (Wesołowski 2002; Czeszczewik et al. 2008 ). Red-breasted flycatcher often occupies semi-cavities that are usually open from the front side what helps the incubating female observing the surroundings and in case of danger allows for escape. even when the eggs are robbed by a predator a female still has a chance for a second brood (Mitrus, Soćko 2010) . avoiding predation from small predators such as rodents that can easily climb to any cavity seems impossible. an occupation of large territories and low density can be a part of anti-predation strategy for some species, for example, tits or wren (Wesołowski 1981; Wesołowski et al. 1987) .
a research on wood warbler showed its amazing anti-predation adaptation. as a result of that adaptation, this species has become a nomadic species. it is very exposed to predator attack because of nesting on the ground. its biggest threat are rodents, which are very numerous in some years -on a hectare of a forest, even 70 individuals of a yellow-necked mouse may occur (Jędrzejewska, Jędrzejewski 2001) . If, after arrival at the breeding ground, wood warblers find high density of rodents, they move to another location (yet unrecognised). Since 1975, many warblers that were singing in the BF in early spring was observed several times. then, they disappeared without nesting because of high density of rodents. eleven times more wood warblers than in previous year nested in one year when the density of the rodents was low ).
Influence of human activity on avifauna
the BF is one of the few european forests where all european woodpeckers' species can be found. Joint density of woodpeckers in the BNP differs depending on the habitat and ranges from 1.6 pair / 10 ha in coniferous forests to 4.4 pairs / 10 ha in swampy stands . research conducted in different parts of the BF showed that intensive forest management influences negatively on woodpeckers density. the most important variable conditioning their occurrence (especially two rare species: white-backed and three-toed woodpecker) was the amount of dead wood (Wesołowski 1995c; Walankiewicz et al. 2002 Walankiewicz et al. , 2011 czeszczewik et al. 2013) . the occurrence of three-toed woodpecker is conditioned by the presence of decaying and freshly dead spruces . In case of white-backed woodpecker, the presence of various forms of dead wood (standing, lying) of different species and in more advanced stages of decomposition is very significant. the volume of dead trees as well as the presence of thick trees is also important czeszczewik 2009a , 2009b .
In case of whole communities of birds, significantly more insectivorous birds were nested in the BNP and nature reserves than in the managed part of the BF. Similar situation was in case of cavity-nesters (czeszczewik et al. 2015) . the structure of forest stand significantly affected the communities of birds in different parts of the BF. Basal area of living trees was positively correlated with the number of all birds, whilst the density of living trees was negatively correlated with both the number and species diversity of communities of birds. Moreover, in the managed part of the BF, the number of insectivorous birds and cavity-nesters was visibly smaller than that in the BNP with similar habitats and the most sensitive to changes caused by forest management turned out to be community of birds inhabiting coniferous stands (czeszczewik et al. 2015) .
it was shown that for many species of forest birds, natural gaps in forest stand with lying trees are very important. those gaps are preferred as nesting or breeding spaces, for example, blackcap, chiffchaff (Phylloscopus collybita), and dunnock (Fuller 2000) . in the BNP, the gaps, after certain amount of time, overgrow mostly with deciduous trees. in the managed part of the BF, the forest is much more dense and the gaps are usually managed by establishing one-or two-species planta-tions. Such simplification of forest structure reduces the attractiveness of habitats for many species of birds. the most important threats for avifauna in the BF were summarised in table 1.
Summary
the BF is one of the few places in the zone of temperate climate where near-primeval conditions are still present. this extremely valuable fragment of forest, which is a heritage of a few nations, should not be changed into managed stands because of the possibility of studying the ecology and behaviour of forest birds. the BF should be covered with the widest and permanent legal protection, especially because over 99% of all forests of temperate zone are transformed by human. The BF, despite significant transformations on its large part, which happened in the 20 th century, still remains a unique natural resource on the global scale. The guarantor of preserving existing natural values and goods of local culture should be cautious and responsible in taking all decisions concerning fighting the effects of natural environmental processes such as insect infestation, gap creation and rapid meteorological phenomena.
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